Abstract: Primary immune thrombocytopenia (ITP) is an autoimmune disorder characterized by isolated thrombocytopenia. In approximately one-third of cases, the duration of thrombocytopenia will extend beyond 12 months consistent with a diagnosis of chronic ITP. Minor bleeding manifestations are common in chronic ITP while severe or life-threatening bleeding complications are uncommon. Moreover, spontaneous resolution occurs in the majority of children with chronic ITP necessitating treatment in only those children with ongoing bleeding manifestations or impairment in health-related quality of life (HRQOL). The characterization of thrombopoietin (TPO) and remarkable advancements in our understanding of the pathophysiology of ITP has led to the development of a new class of agents, the TPO-receptor agonists that have documented efficacy in the amelioration of thrombocytopenia and bleeding manifestations in chronic ITP. Romiplostim is a second-generation TPO-receptor agonist that has undergone limited evaluation in the treatment of chronic ITP in children. Evolving data suggest that romiplostim may be a safe and effective agent in the treatment of chronic ITP in children. Additional data are needed to confirm its ability to increase platelet counts, decrease bleeding manifestation, and improve the HRQOL of children and caregivers impacted by chronic ITP.
Introduction
Primary immune thrombocytopenia (ITP) in children is defined as an autoimmune disorder characterized by isolated thrombocytopenia in the absence of other causes or disorders that are associated with thrombocytopenia. 1 Current estimates suggest that the incidence of newly diagnosed ITP in children is between 1.9 and 6.4 per 10 5 children/year. 2 Newly diagnosed, "acute" ITP is defined as lasting ,3 months, "persistent" lasting up to 12 months, and "chronic" lasting beyond 12 months in which a spontaneous remission is not achieved or in which patients do not achieve a response off therapy. 1 Despite the fact that the vast majority of children with ITP will experience resolution, estimates suggest that one-third of children will demonstrate thrombocytopenia at 12 months post-diagnosis consistent with chronic ITP. 3 Risk factors associated with the development of chronic ITP in children are numerous such as female gender, older age at presentation, a lack of preceding infection or vaccination, insidious onset, higher platelet counts at presentation, and the presence of antinuclear antibodies. 4 Other biomarkers such as cytokines and gene expression profiles are currently being explored to better differentiate chronic ITP from those newly diagnosed cases that will not become chronic. 5, 6 As an example, genes involved in B-cell differentiation and the commitment of specific T-cell subsets are over-represented among individuals with chronic ITP when compared with acute ITP. Moreover, specific cytokines such as interleukin 4 are higher in individuals with chronic ITP when compared with those with acute ITP supporting the potential role of B-cell activation and antibody production as well as T-cell activation. Among children with chronic ITP, minor bleeding issues such as petechiae, ecchymosis, epistaxis, and hematuria are frequently seen. 3 Though infrequent, life-threatening bleeding such as intracranial hemorrhage can result in significant risk for morbidity and mortality. 7 Treatments for individuals with chronic ITP are largely tailored to the needs of the patient and their family. 8 Currently available therapeutic agents may provide a transient increase in platelet counts. This may be associated with diminished bleeding in some children. Other collateral benefits may be seen in some families such as less parental anxiety and greater support for children to participate in social activities. Therefore, the perceived benefits must be balanced against the potential risks of therapy as perceived by each individual patient and family. For those children with chronic ITP who experience bleeding and for those in whom health-related quality of life (HRQOL) is impaired, treatment is often considered. 8 It is important to acknowledge that spontaneous remission is expected to occur for the majority of children with chronic ITP. 3 Of the one-third of patients who continue to have thrombocytopenia at 12 months following diagnosis, one-quarter will have achieved a normal platelet count at 24 months following diagnosis. 3 Treatments for chronic ITP largely overlap with the therapeutic agents utilized for the treatment of acute ITP. 8 Commonly chosen agents include intravenous immunoglobulin, anti-D immunoglobulin, and corticosteroids. 9, 10 The list of agents has continued to expand and now includes a variety of agents such as vincristine, danazol, mycophenolate mofetil, and dapsone utilized as monotherapy or in various combinations. [11] [12] [13] Humanized monoclonal antibodies such as rituximab (anti-cluster of differentiation 20 antibody) are also options. Responses are only documented in approximately one-third of patients with only occasional minor toxicities such as serum sickness and infrequent serious adverse events such as infectious complications. 14, 15 Surgical options including splenectomy remain as options with robust responses documented in approximately three-quarters of patients and only infrequent serious adverse events such as sepsis and major bleeding. 16 These therapeutic approaches are limited and may only result in transient improvements in platelet counts and associated bleeding. The thrombopoietin (TPO) receptor agonists represent a new therapeutic option for children with chronic ITP.
Pathophysiology of chronic iTP
The pathophysiology of chronic ITP is heterogeneous and complex. 17 In chronic ITP, platelet membrane glycoproteins (GPs), become antigenic and stimulate the immune system to produce autoantibodies. The factors that initiate the production of autoantibodies directed against platelet antigens are unknown. The development of these autoantibodies against platelet GPs plays a central role in the pathogenesis of chronic ITP. The platelet-directed autoantibodies are more commonly directed against platelet GP IIb-IIIa and/or GPIb-IX. Many patients produce multiple antibodies secondary to the phenomenon known as epitope spreading. Once produced, autoantibodies bind to platelets, causing their destruction by either phagocytosis or possibly complement activation and subsequent lysis. Antibody-coated platelets may be cleared by Fc gamma receptor (FcγR)-bearing phagocytes. 18 Specific isoforms of these receptors may be associated with the development of chronic ITP. In addition to the antibody-mediated destructive process, a perturbation in T-cell homeostasis also plays a role in the pathogenesis of chronic ITP. 19 In chronic ITP, there is commonly a shift toward a Th1 response consistent with immune activation. Moreover, there may also be a decrease in the number and function of regulatory T cells. Many of these mechanisms (eg, FcγR binding and signaling) are under investigation as potential therapeutic targets. Platelet production is also suboptimal in chronic ITP patients. Megakaryocytes express GPIIb-IIIa and GPIb-IX, which are targets for autoantibodies. These autoantibodies inhibit megakaryocyte growth as documented by morphologically abnormal megakaryopoiesis and the ability of ITP plasma to inhibit megakaryopoiesis. Autoantibodies also promote apoptosis as documented by ultrastructural abnormalities in megakaryocytes in patients with ITP consistent with increased apoptosis. The suboptimal platelet production in ITP that is mediated by the presence of autoantibodies directed against platelet antigens provides support for the use of TPO mimetic agents in the treatment of children with chronic ITP.
Design and development
Thrombopoietin TPO is a lineage-specific cytokine that serves as the major regulator of circulating platelet levels through its ability to stimulate the proliferation and maturation of committed hematopoietic progenitor cells and the subsequent production of megakaryocytes and platelets. 20 TPO is synthesized 
First-generation thrombopoietin agonists
This breakthrough cloning and expression of TPO paved the way for the development of TPO receptor agonists with the capability of increasing platelet counts in patients with thrombocytopenia. Two recombinant forms of TPO receptor agonists were synthesized and extensively studied including recombinant human TPO (rhTPO) and pegylated recombinant human megakaryocyte growth and development factor (PEG-rHuMGDF). 22 The amino acid sequence of rhTPO was identical to that of endogenously produced TPO, produced in mammalian cells, and glycosylated. PEG-rHuMGDF, produced in Escherichia coli, included the receptor binding, 163 amino-terminal amino acids of endogenously produced TPO, conjugated to a polyethylene glycol moiety to increase its half-life in circulation. Both of these so-called "first-generation" TPO receptor agonists were extensively evaluated clinically in a variety of settings marked by thrombocytopenia. Despite potent stimulation of the production of megakaryocytes and platelets in various settings, PEG-rHuMGDF was paradoxically associated with the development of persistent thrombocytopenia in some individuals. Li et al provided further characterization of these individuals documenting that the thrombocytopenia was due to the development of antibodies to PEG-rHuMGDF which cross-reacted with and neutralized endogenous TPO. 23 As a result, efforts focused on the identification of molecules that could provide stimulation of the c-Mpl receptor without stimulating the production of cross-reactive antibodies.
Second-generation thrombopoietin agonists
Screening of peptide libraries along with the conjugation of candidate peptides to various moieties to increase their half-life in circulation led to the identification of romiplostim, previously known as AMG-531. 24 Romiplostim is a 60,000 D molecule which serves as a c-Mpl receptor agonist. It is a peptidobody consisting of two short peptides that are coupled to an Fc domain giving it four Mpl-binding sites. The peptides have no homology to TPO. Romiplostim is administered subcutaneously. The starting dosage of romiplostim is 1 µg/kg weekly with a maximum dose of 10 µg/kg weekly. It is cleared by endothelial neonatal Fc receptors and subsequently recycled and ultimately cleared by the reticuloendothelial system. 25 Once it activates the c-Mpl receptor, there is activation of the aforementioned signal transduction pathways followed by the progressive increase of megakaryocyte proliferation and differentiation. 26 
Potential place in therapy Adults
Romiplostim was approved by the US Food and Drug Administration in 2008 for the treatment of chronic ITP in adults. Studies focusing on romiplostim in the treatment of chronic ITP in adults have been published with promising results. 27, 28 Romiplostim was associated with higher rates of a platelet response, lower rates of treatment failure and splenectomy, less bleeding, less need for rescue medications, and improved HRQOL. Serious toxicities aside from bleeding and hemorrhage have been recently re-evaluated utilizing data from 14 studies representing 994 patients treated with romiplostim and 1,520 patient-years of follow-up. 29, 30 The rates of thrombosis were 5.5 events per 100 patient-years and did not differ between recipients of romiplostim compared with placebo. The rates of hematologic malignancy were 0.5 events per 100 patient-years in the romiplostim group and 2.7 events per 100 patient-years in the placebo group. No non-hematologic malignancies related to romiplostim have been documented. The rate of cataract formation in the romiplostim group was 2.2 events per 100 patient-years compared with 0.9 events per 100 patient-years in the placebo group. The significance of this is unclear for a variety of reasons including the challenge of detecting cataracts, the short periods of romiplostim exposure, and the use of corticosteroids in some patients. Increased reticulin in the bone marrow has been documented with a rate of 1. 
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Children
Romiplostim has undergone limited evaluation in the treatment of chronic ITP in children (Table 1) . Seven retrospective observational studies of children treated with romiplostim for chronic ITP have been published. Escudero Vilaplana et al 31 reported on two children with chronic ITP who were treated with romiplostim. A 10 year old was followed for 27 weeks with maintenance of a complete response defined as a platelet count .100,000/µL for 10 weeks and a partial response defined as a platelet count of 30,000-100,000/µL and a platelet count two times the baseline count for 4 weeks. The response was not maintained and romiplostim was stopped after 4 weeks at the maximum dose of 10 µg/kg. The patient did receive concomitant pulses of corticosteroids. A 4 year old was followed for 39 weeks with maintenance of a complete response for 24 weeks. The patient also required concomitant corticosteroids and intravenous immunoglobulin. Marquinez-Alonso et al 32 reported on four children with a mean age of 10.3 years treated with romiplostim for chronic ITP. The median treatment duration was 50.5 weeks. All the four patients achieved a response at least once during the course of treatment. A response was defined as a platelet count .50,000/µL and doubling of the platelet count at the baseline on any scheduled visit, excluding platelet counts assessed within 8 weeks of rescue medications. Three patients achieved a durable response. A durable response was defined as platelet responses during 6 or more weeks of the last 8 weeks of treatment. Three patients received rescue medications. No adverse events were noted. Mokhtar et al 33 reported on seven children with a median age of 5.5 years treated for a median duration of 12 weeks. Among those treated, one achieved a durable platelet response as defined by maintenance of a platelet count of .50,000/µL for at least 6 consecutive weeks. Two patients achieved a transient response defined by maintenance of a platelet count of .50,000/µL for at least four consecutive weeks. One patient achieved a weekly platelet response. Of the four patients who reported a variable response, two received concomitant corticosteroids. Seidel et al 34 reported on seven children with a median age at diagnosis of 11 years treated with romiplostim for a median of 14 months. Increased platelet counts (.50,000/µL) were noted in six patients. Four patients with responses experienced a steep decline in platelet counts (often lower than before the initiation of therapy) 2-3 weeks after the last administration. Bleeding was only noted among the one individual who did not respond. Romiplostim was combined with various agents in the majority (71%) of cases. No adverse events were recorded. Bone marrow exams were recorded for five patients and were normal. Pasquet et al 35 reported on 10 children treated with romiplostim for a median of 9 months. One patient achieved a complete response and four patients achieved a partial response. A complete response was defined as a platelet count .100,000/µL and the absence of bleeding. A partial response was defined as a platelet count between 30 and 100,000/µL and at least doubling of the baseline count along with the absence of bleeding. With respect to bleeding, five patients demonstrated clinical improvement with a disappearance of mucosal bleeding. Other adverse events such as thromboembolism, malignancy, rebound thrombocytopenia off therapy, and immunogenicity were absent. Ramaswamy et al 36 reported on 21 children with a median age of 11.4 years treated with romiplostim at two institutions. Patients were treated for 6-44 months with 11 patients continuing to receive therapy. The majority of the patients (86%) achieved the endpoints of maintenance of a platelet count of .50,000/µL for two consecutive weeks, a platelet count .20,000/µL higher than baseline, and a platelet count .50,000/µL for .50% of therapy. Bleeding symptoms were not noted although other adverse events reported included rash, nausea, and headaches. Other adverse events such as thromboembolism, malignancy, rebound thrombocytopenia off therapy, and immunogenicity were not documented. Bone marrow reticulin was assessed in 20 patients and was not increased aside from 1 patient that increased from MF1 (the presence of loose networks of reticulin with many intersections especially in perivascular areas) to MF2 (diffuse and dense increase in reticulin with extensive intersections occasionally with focal bundles of collagen and/or focal osteosclerosis) after 40 months of therapy. 37 The largest and most recent observational study to date was reported by the Pediatric ITP Consortium of North America. 38 A total of 79 children were treated for ITP including 60% with chronic ITP using TPO receptor agonists. Romiplostim use was reported in 43 children. During the first 3 months of therapy, 86% of children treated with romiplostim achieved a platelet count of .50,000/µL. Of the children treated with TPO receptor agonists, 40% maintained a stable response, 15% an intermittent response, and 13% only an initial response. Adverse events reported included two thrombotic events and one patient with the formation of neutralizing antibodies.
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Three randomized controlled trials have been completed evaluating the efficacy and safety of romiplostim in children (Table 1) . Elalfy et al 39 completed a randomized, singleblinded, placebo-controlled trial at a single center. A total of 18 children with a median age of 8.5 years were randomized with 12 in the romiplostim group and 6 in the placebo group. Patients were treated for 12 weeks. Among the romiplostim group, 83.3% achieved the primary endpoint defined as the maintenance of a platelet count of .50,000/µL compared to none in the placebo group. In addition to the aforementioned improvements in platelet counts in the romiplostim group, bleeding manifestations were improved compared to the placebo group. Hemorrhage (grades 3 and 2) was documented to improve from 33% at the baseline to 0% and from 50% at the baseline to 16.6%, respectively. Rescue medications were necessary in 8.3% of patients treated with romiplostim versus 33.3% in the placebo group. Half of the participants in each treatment arm reported at least one adverse event with the most common being headaches and epistaxis. Other adverse events such as thromboembolism, malignancy, rebound thrombocytopenia off therapy, and immunogenicity were not documented. Bone marrow reticulin was not increased. Bussel et al 40, 41 completed a Phase I/II multicenter, randomized, double-blind, placebo-controlled study. A total of 22 children with a median age of 10 years were randomized with 17 in the romiplostim group and 5 in the placebo group. Patients were treated for 12 weeks and then offered participation in a 4-week pharmacokinetic extension study as well as continuation in a series of two open-label extension studies. Among the romiplostim group, 88% achieved the primary endpoint defined as the maintenance of a platelet count of .50,000/µL for 2 weeks consecutively compared to none in the placebo group. Despite the aforementioned improvements in platelet counts in the romiplostim group, bleeding manifestations were frequent. Hemorrhage was documented in 71% treated with romiplostim compared to 40% in the placebo group. All documented hemorrhages were minor mucosal bleeding events that did not require treatment. Rescue medications were necessary in 12% of patients treated with romiplostim versus 40% in the placebo group. Three patients (18%) reported treatment-related adverse events including two patients with pyrexia and one patient with headache. Other adverse events such as thromboembolism, malignancy, worsening thrombocytopenia off therapy, and immunogenicity were not documented. Bone marrow reticulin was not assessed in any patient. Twenty patients were enrolled in the first extension study and 12 individuals were enrolled in the second extension study. The median romiplostim exposure across all three studies was 167 weeks. Over the three studies, the majority (.90%) of patients were able to maintain median platelet counts .50,000/µL after the first 12 weeks of the study. Despite the aforementioned improvements in platelet counts in the romiplostim group, bleeding manifestations were noted to be frequent. Hemorrhage was documented in 77% of patients treated with romiplostim. All documented hemorrhages were noted to be minor mucosal bleeding events, which did not require treatment with the exception of two patients. Rescue medications were necessary in 36% of patients treated with romiplostim. Treatment-related adverse events were documented in 27% of patients. Other adverse events such as thromboembolism, malignancy, worsening thrombocytopenia off therapy, and immunogenicity were not documented. Bone marrow reticulin was not assessed in any patient. Thrombocytosis was noted in 50% of patients; however, this was felt to be a minor issue, which resolved with further titration of the medication. Tarantino et al 42 completed a larger Phase III multicenter, randomized, double-blind, placebo-controlled study. A total of 62 children were randomized with 42 in the romiplostim group and 20 in the placebo group. Patients were treated for 24 weeks with a median average dose of 3.9 µg/kg. Among the romiplostim group, 52% achieved the primary endpoint of a durable platelet response defined as the maintenance of weekly platelet count of .50,000/µL in 6 or more of the final 8 weeks of study compared to 10% in the placebo group. An overall platelet response defined as .4 weeks with platelet count of .50,000/µL during the period from 2 to 25 weeks of treatment was documented in 71% of the romiplostim group versus 20% in the placebo group. Post-hoc analysis suggested that younger children (1-6 years of age) were less responsive with 38% demonstrating a durable platelet response compared to 56% in the older age groups. Despite the aforementioned improvements in platelet counts in the romiplostim group, bleeding manifestations were equally frequent between the two groups. Hemorrhage was documented in 83% treated with romiplostim compared to 74% in the placebo group. Posthoc analysis of bleeding suggested that duration adjusted bleeding rates and those with higher grade bleeding (common terminology criteria for adverse events [CTCAE] grade II or higher) were less in the romiplostim group. All documented hemorrhages were minor mucosal bleeding events which did not require treatment. Rescue medication use was similar; however, post-hoc analysis of rescue medication use suggested that duration adjusted rates and those requiring rescue medication use for higher grade bleeding (CTCAE Drug Design, Development and Therapy 2017:11 submit your manuscript | www.dovepress.com
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Usage of romiplostim in the treatment of chronic iTP in children grade II or higher) were less in the romiplostim group. Only one participant reported treatment-related adverse events including headache and thrombocytosis. Other adverse events such as thromboembolism and immunogenicity were not documented. Bone marrow reticulin was assessed in only one patient.
Health-related quality of life
In addition to the aforementioned signs and symptoms of chronic ITP is the notion that the disease, its treatment, and associated sequelae may impact children and their parents with respect to physical, mental, emotional, and social health domains. Greater emphasis has been placed on these domains which are captured by the multidimensional concept of HRQOL. A disease-specific HRQOL instrument for children with ITP, the Kids' ITP Tools (KIT), has been developed and assessed with respect to its psychometric properties. There are three versions of the KIT including a child self-report version (for children $7 years), a parent proxy-report version (for children ,7 years), and a parent impact version to assess parental burden associated with ITP. Each KIT version contains 26 items that are summated to form a single score (with a range from 0 to 100). Higher KIT scores in the self/proxy-report version and parent impact version reflect more robust HRQOL in a child with ITP and less parental burden, respectively. The KIT has been validated and cross-culturally adapted for various countries such as France, Germany, and the UK. 43, 44 Moreover, the KIT has been incorporated into aforementioned clinical trials. The ability to obtain HRQOL data from children and parents impacted by chronic ITP will help ensure that the impact of chronic ITP and its treatments are understood in ways that extend beyond platelet numbers and bleeding scores.
These data ensure that valid inferences are made with respect to the efficacy of treatments including new agents such as romiplostim.
The effects of romiplostim on HRQOL in children with chronic ITP were first investigated using the KIT (Table 2) . Klaassen et al 45 embedded KIT assessments as part of an aforementioned randomized placebo-controlled study. A total of 22 children were assessed including 17 in the romiplostim group and 5 in the placebo group. KIT assessments were completed at weeks 1, 5, and 13. Statistically significant improvements were noted in parental impact in the romiplostim group when compared to the placebo group at week 13 (24.0±17.1 versus −6.1±8.4; P=0.008). Although parent proxy-reports suggested an improvement in HRQOL among those treated with romiplostim, no statistically significant difference was noted in child self-report scores or parent proxy-report scores by time point or by the treatment group. Mathias et al 46 completed a similar assessment of HRQOL among children with chronic ITP by also embedding KIT assessments as part of an aforementioned randomized placebo-controlled study. In this study, a total of 62 children were assessed including 42 in the romiplostim group and 20 in the placebo group. KIT assessments were completed at baseline, weeks 8, 16, and 25. KIT score changes for child self-report and parent proxy-report did not differ by the treatment group; however, statistically significant improvements were noted among parent impact scores in the romiplostim group when compared to the placebo group. Statistically significant improvements were noted from baseline for both groups at weeks 16 and 25. These data suggest that romiplostim appears to reduce the burden of chronic ITP which is felt by parents. It is unclear if the use of romiplostim is associated with an improvement in 
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Future
Evidence suggests that chronic ITP is associated with risk for morbidity and impairment in HRQOL among children. Commonly used therapeutic agents in children with chronic ITP are limited in number and efficacy. Moreover, many commonly used agents have a spectrum of toxicities. TPO receptor agonists represent a new therapeutic option in the treatment of children with chronic ITP. Although not conclusive, the available data suggest that treatment with romiplostim may be beneficial. Limited data document that romiplostim may be able to increase platelet counts and lessen the burden of bleeding manifestations in some children with chronic ITP. Responses to romiplostim vary widely in magnitude and duration and the ability to predict children who will respond robustly is not available at this time. In addition to a need for frequent titration in some patients, bleeding manifestations continue to require the use of rescue medications in some patients. Important questions remain with respect to the efficacy and longterm safety of romiplostim in children with chronic ITP. The potential benefit of romiplostim as it relates to patient reported outcomes including HRQOL is also unknown. Although serious adverse events are uncommon in children treated with romiplostim, we must continue to evaluate more fully the long-term safety of romiplostim. Future studies must focus on documenting the long-term safety of romiplostim. As an example, the collection of bone marrow data should be considered to evaluate for risks of myelofibrosis. Additional efficacy data are also desperately needed. This will require robust study designs incorporating adequate sample sizes. Cost-effectiveness and patient reported outcome measures such as HRQOL as well as parent and family impact must also be incorporated into these future studies. These data will help us better clarify the role romiplostim should play in the care of children with chronic ITP.
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